Pressure-jump initiated time-resolved x-ray diffraction studies of dynamics of the hydration of the hexagonal phase in biological membranes show that (i) the relaxation of the unit cell spacing is non-exponential in time; (ii) the Bragg peaks shift smoothly to their final positions without significant broadening or loss in crystalline order. This suggests that the hydration is not diffusion limited but occurs via a rather homogeneous swelling of the whole lattice, described by power law kinetics with an exponent β = 1.3 ± 0.2. 64.70.Md,87.22.Bt Typeset using REVT E X 1
The availability of high brightness x-ray synchrotron sources and a new generation of detectors that acquire complete 2-D Bragg diffraction patterns at video rates [2, 3] enables the direct structural study of the dynamics of lyotropic liquid crystalline systems on millisecond time-scales. This allows study of diffusion and water transport in these topologically complex systems which are of interest not only to the biophysics community, but also generally to those interested in fluid invasion into porous media with nanometer sized pores.
Dispersions of biological lipids in water exhibit a rich variety of liquid crystalline phases in which membranes form periodic lattices in either 1, 2 or 3 dimensions [4] . The inverted hexagonal (H II ) phase (Fig. 1a, inset) is one of the simpler non-lamellar phases and has relevance to biological processes as well [6] . This H II phase is formed by a periodic lattice of cylindrical pores of water ∼ 40Å in diameter, each surrounded by a monolayer of lipid molecules. Detailed studies [7] done on such systems in equilibrium have shown [8, 9] that the thermodynamics of such non-lamellar phases can be understood as a result of a frustration between the opposing requirements that membranes have to curl to satisfy curvature requirements on the one hand but also to maintain constant bilayer thickness on the other.
This frustration results in extreme sensitivity of the H II unit cell spacing a to changes in both temperature and pressure [10] . Application of hydrostatic pressure in the presence of excess water [11] leads to an increase in a, due primarily to an increase in the diameter of the water core, and hence, in the number of water molecules n w associated with each lipid molecule [10, 12] . A pressure jump can therefore be used to induce a sudden change in the chemical potential of water in order to drive water into or out of the H II domains. The dynamics of water uptake/release can then be examined.
Time-resolved studies: Time-resolved x-ray diffraction studies of the H II phase were done at beamline X9A at the Brookhaven National Synchrotron Light Source, using pressure jumps in the range 0.1-2 kbar over a temperature range of 280-350 K. The beam had an intensity of about 10 11 photons/sec in a ∼ 500µm spot, and an energy of E = 8 keV, with a resolution of ∆E/E ∼ 10 −4 . Samples of about 50 mg of material were contained in a temperature-controlled high-pressure cell with beryllium windows. Unit cell spacings were obtained from positions of the Bragg peaks with calibration to silver stearate. The instrumental resolution (FWHM) for the scattering angle was ∆θ ∼ 1 × 10 −3 rad. Fast pressure jumps with a rise-time ∼ 7 ms were obtained by the opening of a high-pressure valve driven by a computer-actuated pneumatic piston, similar to the method of Caffrey and co-workers [13] . The pressure jumps resulted in small temperature changes (∼ 2 K for a 0.5 kbar jump) as measured by a fast response thermocouple embedded within the sample.
A home-built intensified x-ray detector system based on a 2-dimensional video rate CCD imager running in non-interlaced mode (with a frame time of 16 ms) was used to obtain more than one million x-ray diffraction patterns in order to investigate both pressure-induced phase transitions (to be reported elsewhere), as well as the pressure-induced changes in the structure of a single phase reported in this letter.
Sample preparation: H II phases formed by aqueous dispersions of the lipid DOPE [5] were investigated, both with and without addition of a small amount (∼ 0.05 w/w) of dodecane. The presence of the alkane extends the H II phase boundary permitting studies over a much larger pressure range [6] . All experiments were performed on hydrated "powder" for degradation by thin-layer chromatography both before and after x-ray exposure.
Results: Figure 1 shows diffraction from a aqueous DOPE-dodecane sample at 318 K undergoing a pressure jump from 100 to 820 bar. 
where a(0) and a(∞) are the initial and final lattice spacings which depend only on the initial and final pressures of the jump sequence (Figure 2b ).
Given the quasi-static picture, the measurement of a as a function of time, t, can be combined with equilibrium high-pressure dilatometric data [10] to measure the number of water molecules per lipid molecule, n w (t) (Fig. 2d) . n w is related to a and the radius of the water core, R w , by a simple geometric relation:
The ratio v l /v w of the molecular volumes of the lipid and water is known from high-pressure dilatometry measurements [10] , and shows that the increase in a under pressure is due to an increase in n w . R w (a, P ) was found by static x-ray measurements [10] . Measurements of the intrinsic crystalline disorder ∆a gives us the variance ∆n w . The quality of our data are such that only the first and second moments of the probability distribution p(n w , t) can be obtained. Fig 3 shows a plot of p(n w , t) as a function of time, and shows that the mean value, n w , also relaxes non-exponentially (Fig 2c) while the width of the distribution p(n w , t)
does not change significantly. We may assume that, to a first approximation, the system may be described just by specifying the mean number n w (t) as a function of time. We define a rescaled relaxation function
ζ(t) relaxes from an initial value of 1 to a final value of 0. Non-exponential kinetics are often analyzed empirically by fitting the observed decays to either stretched exponential or power laws, particularly in the long time limit. We find that the data may be fit to the empirical form ζ(t) = (1 + t/τ ) −1/β . A plot of (ζ −β − 1) as a function of time appears linear over nearly three decades in time (Fig 2d) [16] , as can be seen in Fig. 2d . All pressure jumps, both upwards and downwards, can be fit to this functional form with an exponent of β = 1.3±0.2. For a sample of a given chemical composition, the characteristic time-constant depends on temperature, but is relatively insensitive to the pressure or even the direction of the pressure jumps. In the absence of a microscopic description, the proposed power law decay can only be regarded as a phenomenological characterization of the data, but may serve as a guide to future theoretical work. Studies at shorter times and over larger pressure ranges are needed to improve the error bars in the exponent β, and to observe if there are systematic deviations from the scaled collapse in Fig. 2b . 
We know of no simple model which explains observations (i)-(iii)
.
